Introduction
============

Characterized by attention deficit and hyperactivity/impulsivity symptoms, attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder with childhood onset likely to persist into the adulthood. A comprehensive meta-analysis has estimated its prevalence to be 5.29%.[@b1-ndt-14-581] It is almost three times more common in men than in women.[@b2-ndt-14-581] Although it is a common disease, its etiology still remains largely unknown. Family, twin, adoption, and candidate gene studies have shown that genetic factors play a major role in the disease onset.[@b3-ndt-14-581] In addition, various trace element deficiencies, vitamin deficiencies, polyunsaturated fatty acid deficiencies, and chemical exposures are blamed in its etiology.[@b4-ndt-14-581] Furthermore, vitamin deficiencies are among the most discussed topics lately. In particular, vitamin D abnormalities are blamed in the etiology.[@b5-ndt-14-581]

Vitamin D is a fat-soluble vitamin which is involved in calcium (Ca) and phosphorus (P) homeostasis, with hormone-like functions. Blood, Ca, and P levels play an important role in regulating its synthesis. Being an intermediary metabolite and an endogenous vitamin precursor in the skin, cholecalciferol (inactive) can be synthesized from 7-dehydrocholesterol after ultraviolet irradiation, and inactive vitamin D is synthesized from animal-derived (cholecalciferol) and plant-derived (ergocalciferol) foods through diet, then activated in the body.[@b6-ndt-14-581],[@b7-ndt-14-581] 1,25-Dihydroxycholecalciferol is its active form and plays a role in stimulating or suppressing \>900 gene expressions, binding to steroid hormone receptor proteins in the nucleus (vitamin D receptor \[VDR\]).[@b8-ndt-14-581]

Vitamin D is also involved in bone production and cellular and neuromuscular functions. In addition, it has been shown that vitamin D is effective on the cardiovascular and immune systems.[@b9-ndt-14-581]

Recent studies have demonstrated that vitamin D stimulates cellular proliferation, differentiation, neurotransmission, and neuroplasticity in the central nervous system, and has neurotrophic and neuroprotective effects. The nerve growth factor is involved in the expression of neurotrophin-3, neurotrophin-4, and glial cell line-derived neurotrophic factor. However, its association with brain-derived neurotrophic factor expression still remains unclear. On the other hand, VDR has been found in the cerebellum, thalamus, hypothalamus, basal ganglia, hippocampus, olfactory system, temporal lobe, and orbital lobes of the central nervous system.[@b10-ndt-14-581] Although the etiological role of vitamin D deficiency in psychiatric disease remains somewhat unclear, an association has been shown between many diseases and vitamin D deficiency, including depression, schizophrenia, autism spectrum disorder, and ADHD.[@b11-ndt-14-581]--[@b14-ndt-14-581]

Alterations in the cortico-striato-thalamic circuits and cerebellum through brain imaging studies to shed light on the etiology of ADHD and the presence of VDR in these regions have guided us through this study. Although previous studies have investigated the relationship between ADHD and vitamin D levels, in this study, we aimed to evaluate vitamin D and VDR levels in children with ADHD. To the best of our knowledge, this is the first study evaluating the relationship between VDR levels and ADHD in the literature.

Patients and methods
====================

In this cross-sectional study, a total of 80 children including 40 ADHD patients (age: 6--12 years; 28 males and 12 females) and 40 age-, sex-, and season of blood collection-matched controls (age: 6--12 years; 25 males and 15 females) were enrolled. The diagnosis of ADHD was made based on clinical interview using the *Diagnostic and Statistical Manual of Mental Disorders*, Fifth edition.[@b15-ndt-14-581] The Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version was conducted to support the diagnosis of ADHD and to rule out comorbid psychiatric disorders.[@b16-ndt-14-581] It is a semi-structured interview, and the Turkish adaptation was conducted by Gökler et al.[@b17-ndt-14-581] The ADHD group patients were not using any medication, when the blood samples were taken or in the preceding 6 weeks. Those with learning disabilities and autism spectrum disorders and genetic syndromes or any medical disorder, metabolic disorders, neurologic diseases, and those using vitamin and mineral supplementation within the past 6 months and/or drugs affecting vitamin D metabolism were excluded from the study. Children with no known neurodevelopmental/neurologic disorder, infection, and/or no history of vitamin and mineral supplements were selected as healthy controls. Medical disorders were excluded through screening the medical history, clinical examination findings by the pediatrician, and routine laboratory test results, including biochemical, hematologic, and thyroid function tests. The control group consisted of age-, sex-, and season of blood collection-matched participants. For both groups, those with an IQ of over 80 were included in the study.

The parents of the children were given the Conners' Parent Rating Scale-Revised Long Form.[@b18-ndt-14-581],[@b19-ndt-14-581] The patient and control group teachers completed the Conners' Teacher Rating Scale.[@b20-ndt-14-581]--[@b22-ndt-14-581] For each patient, height and weight were recorded and the body mass index (BMI) values were calculated.

The study was approved by the local Ethics Committee of Sutcu Imam University, Faculty of Medicine, Kahramanmaras, Turkey and conducted in accordance with the principles of the Declaration of Helsinki. A written informed consent was obtained from each patient and parent.

Biochemical measurements
------------------------

Venous blood samples were collected to measure serum vitamin D, VDR, Ca, potassium (P), and alkaline phosphatase (ALP) levels between 8:00 AM and 10:00 AM. The serum were collected and kept at -20°C until analysis. All patients were examined between March and September to eliminate vitamin D deficiency in the winter time. Vitamin D and VDR levels in the samples were analyzed using enzyme-linked immunoassay. In addition, Ca, P, and ALP were analyzed using the automated standard spectrophotometric laboratory method.

Statistical analysis
--------------------

Statistical analysis was performed using the SPSS for Windows version 22.0 software package (IBM Corp., Armonk, NY, USA). Descriptive statistics were expressed in mean ± SD, and number (n) and frequency (%). The patient and control groups were compared using the chi-square test for categorical variables and independent sample *t*-test for the analysis of parametric numerical data. A *p*-value of \<0.05 was considered statistically significant.

Results
=======

Eighty individuals were included in the study. The mean age of the ADHD group (n=40) was 8.65±1.53 years, and 28 (70%) were males. The mean age of the control group (n=40) was 8.77±1.73 years, and 25 (62.5%) were males. Sociodemographic characteristics are shown in [Table 1](#t1-ndt-14-581){ref-type="table"}. No significant differences were found between the groups in terms of age, sex, weight, height, and BMI (*p*\>0.05 for all). In addition, no significant differences in the birth seasons or seasons of blood collection were found.

The mean serum vitamin D levels in the ADHD and control groups were 24.10±3.98 and 32.71±4.26 ng/mL, respectively, indicating statistical significance (*p*\<0.001). The serum VDR levels were statistically significant and decreased in children with ADHD, compared to the healthy controls (1.69±0.22 vs 2.08±0.42 ng/mL, respectively, *p*\<0.001; [Table 2](#t2-ndt-14-581){ref-type="table"}).

In the ADHD and control groups, the mean Ca levels were 9.7±0.6 and 9.6±0.8 mg/dL, P levels were 5.2±1.2 and 5.1±0.4 mg/dL, and ALP levels were 193.5±48.4 and 191.3±60.7 U/L, respectively, indicating no statistically significant difference between the groups (*p*\>0.05 for all; [Table 2](#t2-ndt-14-581){ref-type="table"}).

According to the ADHD subtype, the inattentive subtype (n=18, 45%) was the most prevalent type, followed by the combined subtypes (n=16, 40%) and the hyperactive/impulsive type (n=6, 15%). No significant differences were found among the ADHD subtypes in terms of serum vitamin D, VDR, Ca, P, and ALP levels (*p*\>0.05 for all).

Discussion
==========

In this study, we found that serum vitamin D and VDR levels in children with ADHD were lower than in healthy children. However, no significant differences were found between the ADHD and control groups in terms of serum Ca, P, and ALP levels.

In recent studies, vitamin D deficiency has been associated with anxiety disorders, mood disorders, and neurodevelopmental disorders.[@b11-ndt-14-581],[@b14-ndt-14-581],[@b23-ndt-14-581] Vitamin D has been reported to have effects on brain development and function as a neuroimmunomodulator leading to behavioral and neuropsychiatric diseases.[@b24-ndt-14-581],[@b25-ndt-14-581] Certain components of the immune system, particularly the T cells, B cells, cytokines, and even regulatory T cells, affect congenital and adaptive immunity.[@b26-ndt-14-581],[@b27-ndt-14-581] Several studies have found an evidence to suggest that vitamin D supports normal brain growth, increases neuroprotection, and modulates matrix metalloproteinases and anti-inflammatory mechanisms, which are vital components for the brain.[@b28-ndt-14-581],[@b29-ndt-14-581] Animal studies have shown that developmental vitamin D deficiency resulted in brain abnormalities, enlarged lateral ventricles, weak tissue differentiation, and reduced expression of neurotrophic factors.[@b28-ndt-14-581] In addition, clinical studies have shown that such brain changes in these animals manifested as abnormal behavioral changes and hyperlocomotion.[@b30-ndt-14-581]

Furthermore, vitamin D levels were previously investigated in ADHD case--control studies. In a study, Kamal et al[@b31-ndt-14-581] compared vitamin D levels in 1,331 children with ADHD and 1,331 healthy children, and reported that vitamin D levels were significantly lower in the group with ADHD. However, consistent with our study findings, studies conducted by Sharif et al,[@b14-ndt-14-581] Villagomez and Ramtekkar,[@b32-ndt-14-581] Garipardic et al,[@b33-ndt-14-581] and Goksugur et al[@b34-ndt-14-581] found vitamin D levels to be lower in patients with ADHD than in healthy subjects. These findings suggest that vitamin D deficiency may have a role in the etiopathogenesis of ADHD. In addition, vitamin D deficiency is very common in children diagnosed with ADHD. In a study, Bener and Kamal[@b35-ndt-14-581] found severe (\<10 ng/mL) and moderate (10--20 ng/mL) levels of vitamin D deficiency in 64% of the patients diagnosed with ADHD.

Vitamin D affects brain development starting from the prenatal period. In their study, Mossin et al[@b36-ndt-14-581] found a correlation between cord blood vitamin D levels under \<25 or \<30 nmol/L and ADHD, and suggested that prenatal vitamin D prophylaxis could be effective. Similarly, Daraki et al[@b37-ndt-14-581] and Morales et al[@b38-ndt-14-581] found a negative correlation between high vitamin D levels in the maternal circulation and symptoms resembling childhood ADHD. However, in their study using umbilical blood samples, Gustafsson et al[@b39-ndt-14-581] found no significant correlation between vitamin D levels in the cord blood and ADHD findings. However, statistical drawbacks of the study and a small sample size were the main limitations of the study.

In this study, we attempted to shed light on the etiopathogenesis of ADHD, and consistent studies in the literature provide deeper insights on ADHD and guide us through novel treatment approaches. A double-blind, placebo-controlled study conducted by Mohammadpour et al[@b40-ndt-14-581] compared methylphenidate + vitamin D supplementation with methylphenidate + placebo. Although the total ADHD symptom scores remained identical between the two groups, there was more control over the evening symptoms in the group treated with vitamin D.

Although the serum Ca and P levels are in normal ranges, it has been shown that mutations associated with *VDR* gene can inhibit vitamin D metabolism, thereby resulting in neurodevelopmental disorders.[@b41-ndt-14-581] This study found no significant differences in serum Ca, P, and ALP levels in the group with ADHD and in the control group. Vitamin D exerts its effects by binding to VDR, which is found in various tissues, including the brain tissue and peripheral nerves.[@b9-ndt-14-581] The *VDR* gene plays an important role in bone mineralization and vitamin D metabolism. Animal studies also demonstrated that VDRs were found in dopaminergic neurons.[@b42-ndt-14-581] In this study, we found serum VDR levels to be lower in children with ADHD than in the controls. To the best of our knowledge, there is no study investigating serum VDR levels in ADHD. Based on our study results, we consider that low VDR levels can affect ADHD, irrespective of vitamin D levels. However, this is the first study evaluating serum VDR levels in patients with ADHD; therefore, further studies are needed to evaluate the correlation between VDR and ADHD.

Additionally, in this study, the lack of a significant difference between the two groups in terms of age, sex, weight, height, and BMI is useful to eliminate bias. Also, the fact that the blood samples were collected between March and September prevented low vitamin D bias associated with sun exposure during the winter season.

Limitations
===========

Nonetheless, there are certain limitations to this study. Its cross-sectional design and small sample size are the main limitations. It is known that vitamin D can be obtained easily through synthesis by exposure to sunlight or through oral intake. An important limitation of this study is that it was not known how many hours the children in the study were exposed to sunlight. Individuals with ADHD are known to be often injured because of inattention and hyperactivity; as it was not known whether these children were restricted in outdoor physical activities to prevent injuries, this is also a limitation of the study. Lack of information about the oral diet habits, which is one of the factors that could affect vitamin D levels, was also evaluated as a limitation of the study.

Conclusion
==========

In conclusion, our study suggests that low serum vitamin D and VDR can play an important role in the etiopathogenesis of ADHD. However, this is the first study identifying VDR levels in ADHD and evaluating the correlation between ADHD and VDR; therefore, further studies are needed to identify the exact mechanism of the contributions of these parameters on the etiology and treatment of ADHD. Furthermore, a more controlled study is needed to evaluate vitamin D intake in ADHD patients. Further studies are also needed to clarify the effects of vitamin D and VDR on clinical symptoms in patients with ADHD and optimal support strategies and its long-term effects on neurodevelopment in children.
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###### 

Sociodemographic characteristics of the study groups

  ---------------------------------------------------------------------
                  ADHD group\          Control group\       *p*-value
                  Mean ± SD or n (%)   Mean ± SD or n (%)   
  --------------- -------------------- -------------------- -----------
  Age, years      8.65±1.53            8.77±173             0.15

  Sex                                                       0.38

   Male           28 (70)              25 (62.5)            

   Female         12 (30)              15 (37.5)            

  BMI (kg/m^2^)   18.02±2.25           17.88±3.47           0.78
  ---------------------------------------------------------------------

**Abbreviations:** ADHD, attention-deficit/hyperactivity disorder; BMI, body mass index.

###### 

Laboratory results of the study groups

  -------------------------------------------------------------------------
                               ADHD group\   Control group\   *p*-value
                               (mean ± SD)   (mean ± SD)      
  ---------------------------- ------------- ---------------- -------------
  25-OH vitamin D (ng/mL)      24.10±3.98    32.71±4.26       \<**0.001**

  Vitamin D receptor           1.69±0.22     2.08±0.42        \<**0.001**

  Calcium (mg/dL)              9.7±0.6       9.6±0.8          \>0.05

  Phosphorus (mg/dL)           5.2±1.2       5.1±0.4          \>0.05

  Alkaline phosphatase (U/L)   193.5±48.4    191.3±60.7       \>0.05
  -------------------------------------------------------------------------

**Note:** Bold represents statistically significant values (*p*\<0.05).

**Abbreviation:** ADHD, attention-deficit/hyperactivity disorder.
